A new method for producing calcium sulfoaluminate (C$A) clinkers is described. Sulfur is introduced from the gas phase as SO2 and oxygen and reacts with solids during clinkerisation. Laboratory experiments and thermodynamic calculations are presented. Sulfur-containing phases, ye'elimite and ternesite, are stabilised together with belite to produce clinkers with various mineralogies. The influence of temperature and SO2 partial pressure is analysed and their effect on the formation of undesirable anhydrite and gehlenite is explained. The process by which a potentially hazardous waste material such as sulfur is used as raw material, and possibly as fuel, to form C$A cements, is shown to be successful. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 2
23
Most experience of clinkering has been gained by laboratory experiments supplemented by pilot 24 plant "burns". In the present study, a somewhat different approach was taken. Experiments and 25 thermodynamic calculations were combined to elucidate the clinkering process. The work 26 demonstrates the importance of the vapour phase to clinkering and has led to changes in kiln 27 operation: the kiln is modified to work as a semi-sealed system in order to gain control of the kiln 28 atmosphere. This has been paralleled by using a small capacity (10-100g) laboratory kiln 2 permitting independent control of temperature and gas partial pressures of SO2 and O2 and total 30 pressure 1 bar.
31
Numerous high temperature thermodynamic equilibrium models based on Gibbs energy 37 , the stability of ye'elimite at clinkering temperatures is dependent on the 38 fugacities (which we equate with partial pressures) of both SO2 and O2 in the kiln atmosphere 
47
The pre-mixed gases, whose rates were monitored by means of precision mass flow controllers 48 (Bronkhorst, NL), pass through the non-rotating furnace tube maintaining the desired 49 atmosphere during the experiment. The discharge end of the tube is connected to a scrubber 50 that absorbs and neutralizes unreacted SOx prior to gas discharge to the atmosphere. In that 51 way, exit gases achieve less that 1ppm SOx. Temperature patterns (heating, idling and cooling) 52 were programmed at the furnace control box. 
63
In both cases the raw materials were weighted, mixed, placed in crucibles or boats of aluminous 64 porcelain or Pt, and introduced in the furnace which was ramped up to an isothermal level.
66

Experiments
67
The variables evaluated in the experiments described in this work include: SO2 partial pressure, 
73
Approximately 25 compositions were tested and in all cases the atmosphere conditions were 74 such that SO3 was transferred from the vapour to the solid to achieve the target mineralogy. for 5 minutes. The resulting mix was dried in an oven at ≈100 °C for 2 hours to remove the 84 alcohol. Clinkers were prepared from lab grade materials in the form of pellets (Table 2 ) and in 85 powder (Table 3 ) and using commercially available raw materials (Table 4) in powder form with 86 a particle size of approximately 40 microns. In experiments 1-11 in Table 3 lab grade calcium   87 sulfate (CS ̅ ) was also added to the raw mix. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 Table 2 .
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92
The amount of sulfur introduced in the furnace was in all cases sufficient to form the 93 target amount of C4A3S ̅ . The rate of SO2 used allowed for the formation of a minimum of 94 1.5 grams of "SO3" in the 30 minutes the gases were passing through the tube furnace.
95
The quantities of SO3 required to obtain the target compositions 1, 2 and 3 in Table 4 were 'replicated' for the model calculations Table 8 .
168
However, the model also accounts for all the species shown in 
174
The transfer of sulfur from gas to solid was confirmed to be rapid at 900-1000 °C and above: 
234
The results from Rietveld refinement of the XRD patterns of the pellets are shown in 244 Table 6 shows the results obtained from Rietveld analysis for the clinkers synthesized using lab 245 grade reactants including CaSO4 (conditions shown in Table 3 ).
246
At a constant temperature of 1280 °C, a drastic effect is observed when diluting the SO2 from 247 SO2:air ratio of 1:2.5 to 1:25 (reactions 1 and 2, respectively, in Table 6 
263
Compositions with higher ye'elimite content, around 60%, could be achieved at temperatures as 264 low as 1200 °C (experiment 10 in Table 6 ); increasing the temperature to 1250 °C led to an 265 increase in both ye'elimite and belite contents (experiment 11 in Table 6).   266   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 The absence of ferrite in some clinkers could be attributed to the poorly crystalline ferrite, not Table 7 and Table 8 show results of Rietveld analysis and thermodynamic modelling output, 273 respectively, of clinkers made with commercial grade raw materials (conditions shown in Table   274 4).
275
In the experiments with raw materials dilution of the SO2 from SO2:air ratios of 1:25
276
(experiments 1 and 2 in Table 7 ) to 1:100 (experiments 3 and 4 in Table 7 ) led to a significant 277 increase in ye'elimite and belite. Also, the yield at 1300 °C is notably higher than at 1250 °C
278
(experiments 1-4 in Table 7 ). 
293
The formation of ternesite is predicted in four of the compositions (2, 3, 8 and 9 in Table 8) but   294 only detected experimentally in two (3 and 8 in Table 7 ). This can be understood by looking at 295 the temperatures and partial pressures which were used. Comparing experiments 2 and 3 from 296   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 65 enriched gas is used, the same set of restrictions apply. Broadly, we assume that these 340 considerations will also apply to CS ̅ A production. Thus, we assume that the oxygen partial 341 pressure will lie within a narrow range to optimise the clinkering process.
342
The sulfur species at elevated temperatures are dominated by SO2 and its partial pressure is 343 fixed by temperature and by the sulfur content of the raw meal and fuel. As an approximation, 344 the vapour pressure of SO2 in equilibrium with the clinker phases, e.g. anhydrite and ye'elimite,
345
can be used to fix the minimum numerical value of the partial pressures necessary to stabilise 346 these phases against evaporation. However, the actual pressure may significantly exceed that 347 minimum, as for example is likely to occur in the course of combusting sulfur-rich fuels, or when 348 elemental sulfur is injected into the kiln to supply part of the thermal energy.
13 from vapour to solid also involves an oxidation of the sulfur from S(IV) to S(VI 
399
Thermodynamic modelling has proven to be an invaluable tool with which to simulate, evaluate 400 and optimise novel cement compositions. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 Table 4.   547   548   549   550   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63 Table Table 3 .docx Table 6 . Rietveld analysis results of clinkers synthesized from laboratory grades of CaCO3, SiO2, Al2O3, Fe2O3 and CaSO4: experimental conditions shown in Table 3 . Note the polymorphs of C4A3$, orthorhombic (O) and cubic (C), are included in the corresponding box. All C2S formed in these experiments was -C2S. Table  Click here to download Table Table 7 .docx To the editor and referees, Enclosed is a manuscript to be considered for publication in "Advances in Cement Research", entitled 'Advances in clinkering technology of calcium sulfoaluminate cement'.
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The manuscript describes a new process to produce cement. The main highlight of the process is the use of sulfur, in gas phase, as a raw material to produce calcium sulfoaluminate clinkers. The method presents important advantages in terms of CO2 and energy savings. The experimental design to develop the new method is described. The experimental and thermodynamic modelling results presented here lead to the completion of pilot plant trials (published in ACR vol 28, 2016).
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